Introduction {#Sec1}
============

Chemical oxygen demand (COD) is defined as the number of oxygen equivalents consumed in the oxidation of organic compounds using strong oxidizing agents \[[@CR1], [@CR2]\]. However, the application of the standard determination method has often been limited by many intrinsic drawbacks, including time consuming process, complicated operation, consumption of expensive (Ag~2~SO~4~), highly corrosive (H~2~SO~4~) and toxic (Cr~2~O~7~^2−^ and HgSO~4~) reagents \[[@CR3], [@CR4]\]. Thus, numerous efforts have been made to develop simple and rapid analytical method for COD \[[@CR5], [@CR6]\]. Among them, the electrochemical method has considered as a promising method for COD detection due to its high sensitivity, short analysis time, low cost and handling convenience. In order to achieve high response signal, development of highly sensitive electrode material is crucial. So far, different materials were successfully used to construct sensing electrodes for COD. The electrocatalytic oxidation method utilized TiO~2~ nanorod \[[@CR7]\],TiO~2~ film \[[@CR8]\], Rh~2~O~3~/Ti \[[@CR9]\], Ti/Sb-SnO~2~/PbO~2~ \[[@CR10]\], AgO-CuO \[[@CR11]\] and photocatalytic nano-ZnO/TiO~2~ \[[@CR2]\] as sensors to oxidize organic compounds. However, the fabrication procedure was complicated and time-consuming compared with electrodeposition method. Boron-doped diamond (BDD) \[[@CR12]--[@CR14]\], nano-Pt \[[@CR15]\] and Nano-PbO~2~ \[[@CR16]\] have been reported with satisfied performance for COD determination. However, their application in practice was limited by the complicated fabrication process requiring special instrument leading to high cost of BDD and Pt. Nano-Cu \[[@CR3], [@CR17]\] and F-PbO~2~ \[[@CR15]\] were also fabricated for COD determination. Nevertheless, the methods were incapable of widespread application due to their high detection limit.

Chemical oxygen demand (COD), a major indicator of organic pollution in waters, is widely recognized as one of the most important parameters for water quality \[[@CR18]--[@CR20]\]. Up to now, many countries, such as China and Japan, have accepted it as a national standard for organic pollution evaluation \[[@CR21]\]. Although the overall reduction of COD is complicated, it was found that some simple reactivities are common and can be enhanced to improve the catalytic activity of sensing films. The typical reaction of COD reduction is presented as:$$\documentclass[12pt]{minimal}
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From this equation we could see that the reduction of COD includes one common progress: oxygen-oxygen band-breaking.

Mixing two or more metals to generate intermetallic compounds can result in a catalyst that has distinct properties from its monometallic components. The rich diversity of the compositions, structure and properties of intermetallic compounds has led to their widespread application in field of catalysis \[[@CR22]\]. During the searching for abundant, inexpensive, and efficient electrocatalytic materials, researchers found that the addition of metals, which bind oxygen strongly, can lower oxygen binding to other metals and easily break the oxygen-oxygen bond and eventually improve their catalytic activity \[[@CR23]\]. As known, Cu and Co are both metals that can bind oxygen strongly and tend to reduce the oxygen easily \[[@CR24]\]. Then we could speculate that the alloy composition in Cu-Co sensing film may not only prevents Co from being corroded too rapidly \[[@CR25]\], but also exhibits the synergistic effects on oxygen-oxygen band breaking, and ultimately enhance the response signal of COD detection.

In this work, micro-nano Cu-Co composite was in situ fabricated on the surface of gold electrode via electrochemical deposition using Co(NO~3~)~2~ and CuCl~2~ as the precursor. The Cu-Co composite was characterized by scanning electron microscopy (SEM), which revealed that this composite formed a film with a rough structure and a large surface area on gold electrode. Linear sweep voltammetry (LSV) was employed to illustrate the electrochemical oxidation of glucose in alkaline solution. The influence of electrodeposition parameters on glucose response signal was studied, and then a novel electrochemical sensor was developed. Compared with the reported sensors as shown in table [1](#Tab1){ref-type="table"}, this new one exhibited higher sensitivity, higher Cl^−1^ tolerance and the detection limit was as low as 0.609 mg L^−1^ COD. Moreover, this new sensor was successfully applied to the determination of COD in surface water, which indicates that this micro-nano composite could be used as an electrocatalyst for the sensing and detection of COD in real water samples. The present work not only provided a sensitive electrochemical method for the determination of COD in surface water, but also demonstrated the promising applications of intermetallic micro-nano material composite as highly active sensing materials in high-performance electrochemical sensors.Table 1Comparison of electrochemical sensors for CODSensing materialDetection limitLinearity rangeSensitivityTolerance of Cl^ − 1^Detection PotentialReference(mg L^-1^)(mg L^ − 1^)(μA/(mg L^ − 1^ COD))(M)(V)TiO2 nano-rod array18.320--280--------0.5\[[@CR7]\]Cobalt oxide1.11.7--1701.000.020.8\[[@CR26]\]F-PbO215100--12000.000230----1.3\[[@CR15]\]Cu/CuO20.353--28010.472--------\[[@CR17]\]Rh2O3/Ti20.050--20000.02200.0171.3\[[@CR9]\]BDD^a^12--1750.0909----2.8\[[@CR27]\]TiO2/Ti/TiO2-Pt9.525--3803.550.040--\[[@CR28]\]Cu3.64.8--6000.4540.020.8\[[@CR3]\]Pt1.83----0.0260----0.45\[[@CR29]\]Cu2O-TNTAs^b^1520--3001.450.00560.3\[[@CR30]\]Cu-Co0.6091.92--7680.8880.020.6This work^a^BDD: boron-doped diamond^b^TNTAs: TiO2 nanotube arrays electrode

Experimental {#Sec2}
============

Reagents {#Sec3}
--------

All chemicals were of analytical grade and used as received. Co(NO~3~)~2~, CuCl~2~, NaOH, K~2~Cr~2~O~7~, Ag~2~SO~4~, HgSO~4~, (NH~4~)~2~Fe(SO~4~)~2~, HCl, NaNO~3~, acetic acid and sodium acetate were purchased from the Sinopharm Group Chemical Reagent Co. Ltd. (China, <http://en.reagent.com.cn/>). Doubly distilled water was used throughout. Surface water samples were collected on-site from different lakes and rivers in Wuhan (China). Water samples were stored in dark at 4 °C and analyzed within 48 h.

Instruments {#Sec4}
-----------

Electrochemical measurements were performed on a CHI660D Electrochemical Workstation (Chenhua Instrument, Shanghai, China <http://www.chinstr.com/>) with a conventional three-electrode system. The working electrode is a micro-nano Cu-Co modified gold electrode, the reference electrode is a saturated calomel electrode (SCE), and the counter electrode is a platinum wire. Scanning electron microscopy (SEM) was performed with a Quanta 200 microscope (FEI Company, Netherlands, <http://www.fei.com/>).

Preparation of micro-nano Cu-Co sensing film {#Sec5}
--------------------------------------------

Before electrodeposition, the gold electrode with diameter of 3 mm was polished with 0.05 μm alumina slurry, and then sonicated in doubly distilled water to give a clean surface. After that, micro-nano Cu-Co sensing film was formed on 3 mm gold electrode surface under −200 μA for 100 s in 0.1 M, in pH 4.0 acetate buffer solution containing 27 mM CuCl~2~, 3 mM Co(NO~3~)~2~ (vs. SCE). Finally, the resulting electrode was rinsed with re-distilled water to remove any adsorbed species. For comparison, gold electrode was also prepared following a similar procedure in the absence of Cu^2+^ and Co^2+^.

Detection of COD using standard dichromate method {#Sec6}
-------------------------------------------------

The dichromate method was used to measure COD value according to the National Standard of China (GB 11914--89). Water sample solution (10.0 mL) and 0.025 M K~2~Cr~2~O~7~ solution (5.0 mL) were added into a cuvette, and then refluxed for 2 h in a thermostat at 160 °C.

After that, the excess of dichromate was determined by titration using 0.005 M (NH~4~)~2~Fe(SO~4~)~2~ as the titrant. Finally, the value of COD was calculated after subtracting the blank value of doubly distilled water.

Linear Sweep Voltammetry and amperometric detection of COD using micro-nano Cu-Co modified gold electrode {#Sec7}
---------------------------------------------------------------------------------------------------------

The linear sweep voltammetry (LSV) detection was employed to obtain the best reaction conditions. By detecting the oxidation current of glucose under various reaction conditions, the optimal operating conditions were determined.

The amperometric detection under well-stirred condition was used to measure the value of COD. The detected potential was at 0.6 V and the electrolyte was 0.1 M NaOH solution. The observed current on Cu-Co surface was allowed to reach a steady state, and then the standard sample or the real surface water sample was added. The net current increase was measured as the response current of COD. All experiments were carried out at ambient temperature.

Results {#Sec8}
=======

Current tuning morphology and electro catalytic activity of Cu-Co film {#Sec9}
----------------------------------------------------------------------

The influence of metal ion concentration, deposition medium and deposition time on the activity of Cu-Co was explored (see [Supplementary Material](#Sec15){ref-type="sec"}). It's found that Cu-Co sensing film prepared in 0.1 M, pH 4.0 acetate buffer with reduction time of 100 s using 27 mM Cu^2+^ and 3 mM Co^2+^ as precursor exhibits the highest electrochemical activity, and was employed throughout.

Electrochemical deposition has been widely used in preparing coatings with different functions because of its simple operation and low cost \[[@CR31]--[@CR33]\]. As the deposited current influences the morphology of prepared particles greatly, different deposited currents were applied and the morphology of prepared particles was characterized using 0.1 M, pH 4.0 acetate buffer with reduction time of 100 s. As shown in Fig. [1](#Fig1){ref-type="fig"}, when the deposited current was −100 and −150 μA (Fig. [1B, C](#Fig1){ref-type="fig"}), the electrodeposited Cu-Co films are consisting of few irregular flowerlike micro particles, besides, the size and density of them grows as time lasts. However, nothing appeared on the bare gold surface if reducing without Cu^2+^ and Co^2+^ (Fig. [1A](#Fig1){ref-type="fig"}). As the reduction current of −200 μA, micro and submicro needle-like, rod-like, flake-like and grain particles started to form on gold surface, among which numerous nanoparticles assembled on substrates with diameters ranging from 40 nm to 80 nm (Fig. [2D](#Fig2){ref-type="fig"}). This may be caused by the fact that deposition current of −200 μA enabled diversified types of crystal to nucleate and enabled crystal nucleation and growth to take place all over gold surface. For deposited current of −250 μA (Fig. [2E](#Fig2){ref-type="fig"}), the density of fully developed particles increases as well as their sizes (diameter and height) and nanoparticles start to conglomerate while few irregular particles, \> 1 μm in diameter, distribute among them. The size and density of particles in the Cu-Co film increases even further when reduction current moved down to −300 μA (Fig. [2F](#Fig2){ref-type="fig"}), with giant flake-like particles appearing on the as-deposit film and nanoparticles hardly to find. Otherwise, sensing film deposited at −200 μA under the condition of 0.1 M, pH 4.0 acetate buffer, with 30 mM CuCl~2~ as the precursor, was also depicted. As shown in Fig. S5, a relatively thick coating consisted of numerous micro flake-like particles, accompanying with lots of submicro grain particles assembling on substrates. Apparently, the shape of Cu-Co film can be easily tuned by variation of the reduction current, at the current value of −200 μA, the gold surface was covered by sensing film that exhibiting high surface roughness and possessing numerous micro-nano particles, and therefore provided large response area and numerous active sites.Fig. 1SEM images of bare gold surface (A) and the prepared Cu-Co at −100 μA (B), −150 μA (C), −200 μA (D), −250 μA (E), −300 μA (F) and micro-nano Cu at −200 μA (G)Fig. 2A: The LSV curves of 19.2 mg L^−1^ glucose on bare gold surface (a), micro-nano Cu at −200 μA (d) and the resulting micro-nano Cu-Co at −100 μA (b), −150 μA (c), −200 μA (e), −250 μA (f), and −300 μA (g). Insert plot: LSV curves of 19.2 mg L^−1^ glucose on bare gold surface. B: Variation of the oxidation peak current of 19.2 mg L^−1^ glucose on micro-nano Cu-Co as the reduction deposition current. The error bars represent the standard deviation of repetitive measurements (*n* = 3)

In order to elucidate the relationship between the electrochemical activity of micro-nano Cu-Co and its shape, the electrochemical oxidation of glucose taking place on the surface of micro-nano Cu-Co that prepared at different currents was studied using linear sweep voltammetry (LSV). Fig. [2A](#Fig2){ref-type="fig"} displays the LSV curves of 19.2 mg L^−1^ glucose in 0.1 M NaOH on the surface of different Cu-Co film, and Fig. [2B](#Fig2){ref-type="fig"} shows the variation of response signal with the deposition current. On the bare gold electrode, the oxidation peak current of glucose was hardly seen (curve a and the inset), suggesting that bare gold surface possessed much lower electrochemical activity to the oxidation of glucose. However, glucose was easily oxidized at the surface of micro-nano Cu-Co, and obvious oxidation peak appeared, indicating that micro-nano Cu-Co exhibits high activity to the oxidation of glucose. When the deposition current shifts from −100 to −200 μA (curve b-c, e), the response current of glucose increases remarkably. With further increasing the deposition current to −250 (curve f) and −300 μA (curve e), the response current of glucose decreases obviously. Clearly, the micro-nano Cu-Co that prepared at −200 μA exhibits highest response activity to the electrochemical oxidation of glucose. Besides, the LSV curves of glucose on the surface of electrodeposited copper film was also depicted (curve d) which is inferior than that on micro-nano Cu-Co film fabricated under the same condition (curve e). From the SEM images, it is observed that the particle size of micro-nano Cu-Co that prepared at −200 μA is smaller, and the arrangement was regular on the gold surface. There's no doubt that the oxidation signal of glucose on the surface of micro-nano Cu-Co was much higher. This phenomenon reveals that micro-nano Cu-Co has unique properties which could enhance the oxidation signal of glucose largely.

Detection of COD {#Sec10}
----------------

It is very convenient to select some substances as the standard reagent for electrochemical detection of COD. Herein, glucose was used as the standard compound, and its oxidation current on micro-nano Cu-Co/gold surface was applied to evaluate the value of COD. The COD value of glucose standard solution was detected using conventional dichromate method. For glucose solution, the value of COD was measured to be 380.6 mg L^−1^ of O~2~ using the conventional dichromate method, which consists with the theoretic value of 384 mg L^−1^ of O~2~ \[[@CR34]\].

In order to choose a suitable medium for the electrochemical detection of COD, the oxidation peak response of glucose in NaOH solution with different concentrations were studied using linear sweep voltammetry. Micro-nano Cu-Co was prepared at −200 μA for 100 s in 0.1 M, pH 4.0 acetate buffer containing 27 mM CuCl~2~ and 3 mM Co(NO~3~)~2~. Fig. S6 illustrates the effect of concentration of NaOH on the oxidation current of glucose solution with COD of 19.2 mg L^−1^. It is found that the oxidation current of glucose notably enhanced with NaOH concentration over the range from 0.05 to 0.1 M. When the concentration of NaOH is higher than 0.1 M, the oxidation signal of glucose begins to decrease. Thus 0.1 M NaOH was employed to obtain high electrochemical activity.

Amperometric detection of COD {#Sec11}
-----------------------------

Amperometric detection, a simple and powerful analytical method, was used to detect the value of COD. Fig. [3A](#Fig3){ref-type="fig"} depicts the typical amperometric response of different-valued COD glucose solution on micro-nano Cu-Co surface in 0.1 M NaOH solution. When the oxidation potential is controlled at 0.6 V, the background current of micro-nano Cu-Co decreases dramatically during the first 5 s, and then attains a steady state at about 15 s. After addition of glucose solution with COD value of 19.2 mg L^−1^ at about 40 s, a slight response is observed (curve a). When adding glucose solution with COD value of 38.4 mg L^−1^, an obvious oxidation current step is observed (curve b). If we gradually increase the COD value to 57.6 mg L^−1^ (curve c), 76.8 mg L^−1^ (curve d), 96 mg L^−1^ (curve e), 134.4 mg L^−1^ (curve f), 192 mg L^−1^ (curve g), 288 mg L^−1^ (curve h), 384 mg L^−1^ (curve i), 576 mg L^−1^ (curve j) and 768 mg L^−1^ (curve k), it is found that the oxidation response current increases linearly, suggesting a good linear response.Fig. 3A: The amperometric response of micro-nano Cu-Co/gold electrode to glucose of different COD values in 0.1 M NaOH at 0.6 V. B: Calibration curve for COD values of glucose on micro-nano Cu-Co. Other conditions are as in Fig. [2](#Fig2){ref-type="fig"}

Further studies by drawing a standard curve demonstrate the oxidation current signal (i, A) is proportional to the concentration of COD (C, mg L^−1^ of O~2~) for glucose solution over the range from 1.92 to 768 mg L^−1^, as shown in Fig. [4B](#Fig4){ref-type="fig"}. The linear regression equation is i = 0.888 COD and the correlation coefficient is 0.999. Otherwise, the limit of detection (LOD) was evaluated to be 0.609 mg L^−1^ according to IUPAC regulations (S/N = 3).Fig. 4A: The amperometric response of 1.92 mg L^−1^ glucose with successive detections. B: The amperometric response of 1.92 mg L^−1^ glucose to eleven multiple micro-nano Cu-Cos. Other conditions are as in Fig. [2](#Fig2){ref-type="fig"}

Reproducibility, repeatability and influence of chloride ion {#Sec12}
------------------------------------------------------------

The reproducibility of one micro-nano Cu-Co/gold electrode for successive detections was evaluated as Fig. [4A](#Fig4){ref-type="fig"} shown by adding glucose solutions of 1.92 mg L^−1^ glucose 8 times in succession, and a relative standard deviation (RSD) of 7.79 % was obtained, suggesting very good reproducibility. Then, the reproducibility between multiple micro-nano Cu-Co/gold electrodes was tested also using the response signal by glucose solutions of 1.92 mg L^−1^ COD. The value of RSD is just 5.7 % for 11 μ-nano Cu-Co films as Fig. [4B](#Fig4){ref-type="fig"} shows, indicative of excellent fabrication reproducibility and detection precision.

The influence of chloride ion on the amperometric detection of COD was also studied. In the presence of 0.02 M chloride ion, the response current signal of glucose solution (COD = 1.92 mg L^−1^) kept unchanged, revealing high tolerance level to chloride ion.

Analytical application {#Sec13}
======================

In order to testify the performance of this sensor in the analysis of real water samples, it was used to detect COD values of surface water samples that were collected from different lakes in Wuhan. Fig. [5](#Fig5){ref-type="fig"} demonstrates the amperometric response of six water samples on the micro-nano Cu-Co/gold surface. The COD concentration of water samples was detected using dichromate method, and the values are 26.26, 42.06, 52.23, 58.37, 76.8, and 92.65 mg L^−1^. It is found that the current response of water sample increases linearly with the COD value, suggesting promising application. Subsequently, the micro-nano Cu-Co/gold was then used in a large number of water samples. For testing the accuracy of micro-nano Cu-Co, the COD value of water samples were also analyzed by the conventional dichromate method. Each sample solution underwent three-parallel detections. Fig. [6](#Fig6){ref-type="fig"} shows the relationship between the results obtained by this new method and by the conventional method for 33 surface water samples. It is found that the COD value detected by the dichromate titration method (indicated as COD~Cr~) has good correlation with that by micro-nano Cu-Co sensor (denoted as COD~Cu-Co~). The linear regression equation is COD~Cr~ = 0.945 COD~Cu-Co~ + 0.837, and the correlation coefficient is 0.995, which indicated that the two methods have good accordance. Therefore, this new electrochemical method using micro-nano Cu-Co is feasible for the detection of COD.Fig. 5Amperometric response of lake water samples on micro-nano Cu-Co/gold electrode that was prepared at −200 μA for 100 sFig. 6Relationship between COD values of surface water obtained by micro-nano Cu-Co electrochemical sensor and the conventional dichromate method

Conclusion {#Sec14}
==========

We report an alloy composite of micro-nano Cu-Co which was facilely fabricated by one-step electrodeposition on gold electrode and then used as sensing materials for the electrochemical detection of COD employing glucose as standard substance. Due to the synergistic effects to oxygen-oxygen band breaking between copper and cobalt, together with high surface roughness and numerous micro and nano particles of the alloy composite, the fabricated electrode displays larger oxidative current response compared to gold electrode modified with copper or cobalt only. This sensing material not only shows the improved sensitivity and long-term stability, but also offers the advantages of simple fabrication process and efficient application in determination of COD in real water samples, which are essential for the COD detection in environmental monitoring. In a word, the present work demonstrates a promising application of intermetallic micro-nano material composite as highly active sensing materials in high-performance electrochemical sensors. Besides, this study also provides a general protocol to fabricate various sensors with intermetallic materials as sensing film for the sensitive detection of glucose and COD and provides a strategy for exploring the properties of intermetallic materials based on the property and interaction of monometallic component.
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